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ABSTRACT

This study examines the interannual variability of winter upper-troposphere water vapor over the Northern
Hemisphere using the National Aeronautics and Space Administration Water Vapor Project, the International
Satellite Cloud Climatology Project data, and the European Centre for Medium-Range Weather Forecasting
reanalysis. The El Nifio—Southern Oscillation related tropical sea surface temperature (SST) anomalies dominate
the upper-troposphere water vapor anomalies south of the climatological jet. The anomalies of baroclinic insta-
bility in the storm track regions, which relate to the Pacific-North American and the North Atlantic oscillation
patterns, dominate those north of the climatological jet. The upper-troposphere water vapor increases in the
eastern tropical Pacific, the Gulf of Mexico, and some areas of the North Atlantic with warmer tropical SST. It
decreases in the subtropical and extratropical northeastern Pacific. Deep convection and vertical moisture fluxes
dominate these changes. To the north of the climatological jet, stronger upper-level cyclonic flow dries the upper
troposphere when the baroclinicity of the storm tracksis enhanced. Both vertical and meridional moisturetransport
contribute to these water vapor anomalies in the midlatitudes. High clouds, as a possible source/sink of water
vapor, respond to the tropical SST anomalies and extratropical circulation in a pattern similar to the upper-
troposphere water vapor, and they consequently positively correlate to the latter. In the Tropics and extratropics
where high clouds are relatively abundant, water vapor concentration increases with temperature. Thus, the
increase of evaporation or sublimation of high clouds probably contributes to the observed moistening of the
upper troposphere, in addition to enhanced vapor transport. Conversely, in the subtropics where high clouds
appear infrequently, water vapor concentration decreases with temperature, suggesting that the downward ad-

vection of drier air associated with subsidence dominates the drying of the upper troposphere.

1. Introduction

Water vapor in the cold upper troposphere has an
effect comparable to that of the lower troposphere in
determining the earth’s outgoing longwave radiation
(OLR), though it is only a small fraction of the tota
column moisture (Shine and Sinha 1991). Since what
controls the lower-troposphere water vapor isrelatively
well understood, an inadequate understanding of water
vapor in the upper troposphere (Lindzen 1990) becomes
the main source of uncertainty in determining the water
vapor feedbacks (Intergovernmental Panel on Climate
Change 1995). What controls the upper-troposphere wa-
ter vapor in the Tropics has been extensively studied
through observations in the past decade (e.g., Stephens
1990; Rind et a. 1991; Sun and Lindzen 1993; Soden
and Fu 1995; Bates et al. 1996; Newell et a. 1997; Liao
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and Rind 1997). In contrast, much less effort has been
given to understanding the distribution and variation of
the upper-troposphere water vapor in the extratropics.

The specific humidity in the upper troposphereis|ow-
er over the extratropics than over the Tropics. The lower
and middle troposphere over the extratropics also have
colder temperatures and lower specific humidity than in
the Tropics, and so are more *‘transparent” to infrared
radiation emitted at the surface. Hence, OLR is as sen-
sitive to the changes of the upper-troposphere humidity
in midlatitude as over the Tropics (Thompson and War-
ren 1982; Lindzen 1997).

The processes responsible for the upper-troposphere
water vapor distribution and variation in the extratropics
differ from those in the Tropics in at least two ways.
First, the extratropics have stronger horizontal gradients
of humidity and pressure than the Tropics. The asso-
ciated horizontal moisture transport could be as impor-
tant as the vertical transport (Del Genio et al. 1994).
Second, the net effect of deep convection on upper-
troposphere water vapor is more difficult to estimate in
the midlatitudes than in the Tropics. For example, while
deep convection in the Pacific storm track region ap-
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pears to moisten the upper troposphere (Hu and Liu
1998), the associated synoptic systems in other regions
lead to the intrusion of stratospheric air (Price and
Vaughan 1993) that dries the upper troposphere. Fur-
thermore, the extratropical large-scale circulation not
only depends on the atmospheric internal variability and
extratropical ocean—atmosphere interaction, but it also
responds to tropical sea surface temperature (SST) forc-
ing (e.g., Dickinson 1971; Wallace and Gutzler 1981;
Hoskins and Karoly 1981; Blackmon et al. 1983; Kumar
and Hoerling 1995; Lau 1997; among others). While
circulation patterns in the midlatitudes have been more
thoroughly studied than the tropical dynamic processes,
their impacts on the extratropical upper-tropospherewa-
ter vapor have not been previously examined. An as-
sessment of the latter would enable usto apply the well-
developed theories of extratropical dynamics and trop-
ical—extratropical interaction to an understanding of the
distribution and variation of the midlatitude upper-tro-
posphere water vapor.

In this study, we explore how the ElI Nifio—Southern
Oscillation (ENSO)-related tropical SST and the storm
track—related extratropical circulation affect the inter-
annual variability of the upper-troposphere water vapor
over the Northern Hemisphere. Our ultimate goal is to
understand the physical and dynamic processes respon-
sible for the upper-troposphere water vapor variations.
As the first step to approach this goal, we focus on the
documentation of the interannual changes of upper-tro-
pospheric humidity and their relationship to those of the
tropical SST and extratropical circulation in this paper.
In addition to anomalous water vapor and its fluxes, we
also examine the relationship among high clouds, tem-
perature, and the upper-troposphere water vapor, to infer
how water phase change contributes to the vapor var-
iability. Since clouds and water vapor are measured in-
dependently, results consistent with both observations
would provide a higher level of confidence than would
those obtained from a single dataset. This analysis is
confined to the winter season, in order to more clearly
diagnose the dynamic processes that govern the chang-
es.

The datasets used in this study are described in section
2. The indexes for the ENSO SST and extratropical
storm track circulation are defined in section 3. The
empirical relationship between the upper-troposphere
water vapor and tropical SST—extratropical circulation
is analyzed in section 4. The relative importance of
ENSO and storm tracks affecting the variability of the
upper-troposphere water vapor is quantitatively exam-
ined. How water vapor transport and high clouds may
contribute to the water vapor patterns is also discussed
in Section 4. Discussion and conclusions are in Section 5.

2. The datasets

The data used in this study consist of monthly mean
upper-troposphere water vapor, SST, 500—-300-mb winds
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and geopotential height, and high cloud frequency of
occurrence. The upper-troposphere water vapor is rep-
resented by the precipitable water between 500 and 300
mb, obtained from both the National Aeronautics and
Space Administration (NASA) Water Vapor Project
(NVAP; Randel et al. 1996) and the European Centre
for Medium-Range Weather Forecasting (ECMWF) re-
analyses (ERA). The SST is taken from the reconstruct-
ed Reynolds data (Smith et al. 1996) on a 2° lat X 2°
long grid. The atmospheric fields are also from ERA on
a25° lat X 2.5° long grid over the Northern Hemi-
sphere. As illustrated in Equations (1)—(3), moisture
fluxes are first computed from 6-h instantaneous wind
and specific humidity fields, and then averaged into a
monthly mean. Thus, these fluxes are contributed by
both mean and transient air flow. They are also weighted
by areas they move across at each grid cell and air
density. Hence, the zonal and meridional moisturefluxes
(ug, vq) represent the amount of water vapor moving
across alateral wall extending from 500 to 300 mb along
2.5° lat for ug and 2.5° long for vq. The vertical mois-
ture flux (Wq) indicates the amount of water vapor mov-
ing across a horizontal area of 2.5° lat X 2.5° long at
500 mb:

13 Ap,

Uq:NZ 2 (rE'A¢'ui,n'qi,n'_p> (1)
n=1 |i=1 g

uq = % > (rE - cos$ - Aa - vy, - G, %) )

wq = —ﬁ > (ré -cosp - Aa - A - L'”g'] q"“), (3)

where r. denotes the radius of the earth, ¢ the latitude,
a the longitude, and g the gravitational acceleration.
Both A¢ and A« are 2.5°. Pressure is 500 mb when i
= 1 and 300 mb when i = 3, respectively. Further, n
denotes the number of the 6-h temporal step at which
instantaneous water vapor flux is computed such that n
= 1 at the sixth UTC in thefirst day of the month. Also,
n = N at the 24th UTC in the last day of the month; N
is the total number of temporal steps used in computing
the monthly mean of the flux.

Here we use the data of the three winter months, that
is, December—February (DJF), for the period of 1979
through 1993, with a total of 45 months. An anomaly
is defined as the deviation from the corresponding 15-
yr monthly average at each map cell over the Northern
Hemisphere. Hence, both the 15-yr annual mean and
seasonal cycle were removed prior to analysis. The ob-
served high cloud cover was obtained from the Inter-
national Satellite Cloud Climatology Project (1SCCP;
Rossow et al. 1996) monthly mean cloud data (D2) for
16 winter months during January 1989—December 1993.
The period of analysisrelated to high cloudsistherefore
limited to these 16 months.
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Fic. 1. Distribution of 5-yr (1988-92) winter monthly mean (Dec—Feb, DJF) 500-300 mb pre-
cipitable water [(a), (c)] and standard deviation [(b), (d)] over the Northern Hemisphere from the
NVAP and ERA data, respectively. Contour intervals are 0.2 kg m=2in [(a), (c)] and 0.05 kg m—2
in [(b), (d)].

o

3. Variabilities of upper-troposphere water vapor, la The monthly means were obtained by averaging the

tropical SST, and extratropical circulation NVAP layered (500-300 mb) precipitable water over
December—February from 1988 to 1992, the only period
available from NVAP Areas with abundant upper-tro-
posphere water vapor (>1.5 kg m~2) are found in the

The winter monthly mean 500-300-mb water vapor Tropics, and over the North Pacific and North Atlantic
amount over the Northern Hemisphereis shown in Fig. (>1 kg m~2), which are related to the wintertime ex-

a. Variability of upper-troposphere water vapor over
the Northern Hemisphere
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FiG. 2. Winter monthly mean 500-300-mb precipitable water anomalies averaged over (a) 0°—
30°N and 140°E-140°W, (b) 30°~70°N and 140°E-140°W, (c) 0°~30°N and 60°W-0°, and (d) 30°-
70°N and 60°W-0° both from NVAP (dot) and ERA (circle).

tratropical storm tracks. Figure 1b shows the standard
deviation of the monthly mean precipitable water anom-
alies. In general, regions of high variability coincide
with the regions of large monthly means. The standard
deviation rangesfrom 0.3t0 0.5 kg m~2 over the Tropics.
Over the extratropical oceans, it is of the order of 0.1
kg m~2, twice as much as over the continents.

The corresponding monthly mean precipitable water
and standard deviation derived from ERA data of the
same period (Figs. 1c,d) show similar patterns of max-
imum and minimum water vapor mixing ratio to those
from NVAP. However, mean precipitable water in ERA
is greater than the NVAP over the Tropics and smaller
over the extratropics, implying astronger latitudinal gra-
dient of upper-troposphere water vapor in ERA. Both
standard deviations have the same orders of magnitude
over most of the Northern Hemisphere, except for the
extratropical North Pacific, where the variabilities in
ERA are only about half those of NVAR To ascertain
the interannual variability of precipitable water in the
two datasets, anomalous precipitable water averaged
over the tropical—subtropical and extratropical regions
of Pacific and Atlantic are shown in Fig. 2. In general,
the temporal fluctuations exhibit similar interannual var-
iability in the two datasets. Therefore, it is reasonable
to employ the ERA datain the following analysis. ERA
not only covers a longer period than NVAR but also
provides three-dimensional structure of humidity con-
sistent with atmospheric wind and temperature fields.

b. Variability of tropical SST and extratropical
circulation

To explore the possible connections between water
vapor variability and tropical SST—extratropical atmo-

spheric circulation, several indexes (time series of
anomalies) are constructed. The ENSO and associated
tropical SST are one of the prominent sources of the
interannual variability in the climate system. Thus, the
averaged SST anomalies in the Nifio 3.4 region (5°S—
5°N, 170°-120°W; Climate Diagnostics Bulletin 1996)
are used as an SST index (SSTI) of the tropical inter-
annual variability and shown in Fig. 3a. The strong El
Niflo (1982/83 and 1991/92) and La Nifia (1988/89)
events are easily identified in this time series.

Ting et al. (1996) defined a zonal wind index (Ul) as
the difference between 500-mb zonal mean zonal winds
at 35° and 55°N. They demonstrated that the variability
of Ul waslargely independent of ENSO and that it could
explain a large fraction of wintertime extratropical cir-
culation variability. The correlation between Ul (Fig.
3b) and SSTI in this study is 0.02. However, the major
low-frequency circulation patterns in the atmosphere,
for example, as classified by Barnston and Livezey
(1987), have localized and zonally asymmetrical distri-
butionsthat affect the patterns of water vapor anomalies.
The Ul, as a zonal mean variable, could underrepresent
the extratropical variability of the upper-troposphere
water vapor, for example, in the storm track regions.

Midlatitude synoptic systems affect moisture trans-
port and cloud distribution, and hence water vapor dis-
tribution (e.g., Muller and Fuelberg 1990; Price and
Vaughan 1993). The evolution of storm systemsisclose-
ly related to jet stream and baroclinic instability. An
accurate measure of baroclinicity is the Eady growth-
rate maximum (Lindzen and Farrell 1980), defined as

Bl = 0.31f[aV/az/N,

where f isthe Coriolis parameter, V the horizontal wind
speed, and N the Brunt—Vaisala frequency. The param-
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Fic. 3. Time series of four indexes: SSTI [(a), unit: °C], Ul [(b), unit: m s7], Blp, and Bla [(c) and (d), unit: day—*) for the winter

months (DJF)

eter was also used to study the maintenance of winter
storm tracks by Hoskins and Valdes (1990). Their work
shows that the baroclinicity parameter has maximum
values over the Pacific and Atlantic jet regions. We
therefore define two baroclinicity indexes (Blp and Bla)
by averaging anomalous Bl over the above-mentioned
regions (30°-50°N, 140°E-140°W and 40°-60°N,
60°—0°W). The areas are chosen based on relatively high
variability (standard deviation) and large mean values
of BI (not shown). The Blp and Blaalso highly correlate
with two leading rotated Bl EOF modes, suggesting that
they represent the dominant variability of baroclinicity
in the midlatitudes. Theterm 9V/9z was cal cul ated based
on winds at 850 and 700 mb. The two Bl time series
are shown in Figs. 3c and 3d. The correlation coefficient
between Blp and Ul is 0.38 and that between Bla and
Ul is —0.57. Thus, the variability of Ul is partially
attributable to the fluctuations of the Pacific and Atlantic
jets, though the variations of the two jets are less cor-
related (—0.21).

A correlation of 0.24 isfound between SSTI and Blp,
and —0.20 between SSTI and Bla. Both exceed the 90%
significance level. Therefore, associated with ENSO,
thereisatendency of slightly stronger baroclinicity over
the North Pacific and slightly weaker baroclinicity over
the North Atlantic. Figure 3 aso illustrates a strong
persistencein anomalous SST through successivewinter

of 1979-93.

months. In contrast, Ul, Bla, and Blp show less month-
to-month persistence. In most years, Blaand Bl p display
both positive and negative fluctuations through the three
winter months.

The atmospheric circulation patterns, as represented
by geopotential height at 300 mb, associated with the
above four indices are plotted in Fig. 4. The anomalies
of 300-mb height associated with SSTI exhibit a well-
defined wave train (due to displacement of stationary
troughs and ridges) over the Pacific-North American
(PNA) regions, indicating the atmospheric response to
the tropical SST forcing (e.g., Wallace and Gutzler
1981). The 300-mb height has strong correlation with
Ul throughout the Northern Hemisphere. The largest
height gradients at 35° and 55°N indicate strong westerly
and easterly geostrophic wind anomalies at the two lat-
itudes, hence great values of Ul. The correlation with
Blp and Bla has more localized structures with centers
of action over the PNA regions and the North Atlantic,
respectively. The spatial distributionsin Figs. 4c and 4d
strongly resemble two dominant atmospheric circulation
patterns: the PNA pattern and the North Atlantic oscil-
lation (NAO) pattern (Barnston and Livezey 1987).

Both correlation of 300-mb height with SSTI and Blp
(Figs. 4a.c) display a PNA-like pattern. However, the
centers of the wave train-like anomalies locate differ-
ently. They are also independent of each other as sug-
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Fic. 4. Correlation of 15-yr (1979-93) winter monthly mean 300-mb height with (a) SSTI, (b) Ul, (c) Blp, and (d)
Bla, respectively. Contour interval is 0.1 and negative contours are dashed. Dark (light) shading indicates significant
positive (negative) correlation (=0.3 or =—0.3).

gested by the poor correlation between SSTI and Blp.
Furthermore, Blp is correlated to the North Pacific SST
anomalies whose pattern (not shown) is very similar to
the North Pacific mode characterized by Zhang et al.
(1996). Their work revealed that the North Pacific SST
mode is independent of tropical SST anomalies.
While SSTI is a good indication of the tropical SST
variability, the construction of atmospheric indices is
subject to arbitrary selection of both variable and do-
main for averaging. Whether the two baroclinicity in-
dexes adequately capture the wintertime storm track and
dominant extratropical circulation variability is exam-
ined by the singular value decomposition (SV D) method
(Bretherton et al. 1992; Wallace et al. 1992), which
objectively identifies pairs of spatial patterns with max-
imum temporal covariance between two fields. TheSVD

analysis between Northern Hemisphere 300-mb height
and the baroclinicity over the Pacific and over the At-
lantic (not shown) reveal that the leading SVD mode of
300-mb height strongly resembles the circulation pat-
terns in Figs. 4c and 4d, respectively. The two modes
explain 56% of the covariance between the Northern
Hemisphere 300-mb height and the baroclinicity over
the Pacific, and 52% of the covariance between the
Northern Hemisphere 300-mb height and the baroclin-
icity over the Atlantic. The SVD analysis confirms that
both baroclinicity indices capture the coupled variability
between the major wintertime storm tracks and the ex-
tratropical circulation. The results are also consistent
with Lau (1988), who demonstrated that the variability
of the wintertime storm tracks is associated with the
PNA and NAO circulation patterns. Although the cir-
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Fic. 5. Correlation of winter monthly mean 500-300-mb precipitable water with (a) SSTI, (b)
Blp, and (c) Bla, respectively. Contours and shadings are the same as Fig. 4. Only contours

exceeding 0.3 are given.

culation associated with Ul (Fig. 4b) partially resembles
both in Figs. 4c and 4d, the two Bl indexes directly
represent the atmospheric processes that affect the up-
per-troposphere water vapor and are therefore used in
this analysis.

4. Relation of upper troposphere water vapor to
the tropical SST and extratropical circulation

a. Variability of water vapor and its link to the
tropical SST and extratropical circulation

Figure 5 shows the correlation of 500—-300-mb pre-
cipitable water with SSTI, Blp, and Bla. Areas of sig-
nificant positive correlation with SSTI are found over
the eastern tropical Pacific, the Gulf of Mexico, and the
North Atlantic around 30°N, and those of negative cor-
relation are found over the western tropical Pacific and
the subtropical and eastern North Pacific. Water vapor
shows a significant correlation to Blp across the PNA

regions, with abroad drier area centered over the Aleu-
tian Islands (40°—80°N, 120°E-140°W) and a large
moistening area over Canada (50°—80°N, 30°-120°W),
as Blp is higher than its climatological value. The cor-
relation is very small over the climatological jet region.
Associated with Bla, the water vapor displays several
narrow bands of opposite sign correlation across the
North Atlantic. Similar to the correlation with Blp, the
strongest negative correlations are found to the north of
the climatological jet, over Greenland, the L abrador Sea,
and eastern Canada. Correlations with the three indices
are generally small over Eurasia, where the interannual
variabilities are small.

To determine the relative importance of tropical SST
and extratropical atmospheric circulation to the upper-
troposphere water vapor variability, Figs. 6aand 6b pre-
sent the percentage of precipitable water variance ex-
plained by SSTI, Blp, and Bla, respectively, at each
grid point calculated from ERA over 45 months. For
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FiG. 6. Percentage of 500—300-mb precipitable water variance ex-
plained by (a) SSTI, (b) Blp over 120°E-90°W and Blaover 80°W-0°,
and (c) combination of SSTI and Blp over 120°E-90°W, and com-
bination of SSTI and Bla over 80°W-0°, respectively, over the 45
winter months in the ERA data. Contour interval is 10% and shading
indicates the percentages greater than 30%.

each winter month, the precipitable water anomaly as-
sociated with the fluctuation of anindex isobtained from
the projection of that index amplitude on the corre-
sponding linear regression map. The shaded areas in
Fig. 6 indicate the values greater than 30%. Relatively
high water vapor variability associated with SSTI is
confined to the tropical and subtropical Pacific. In con-
trast, high water vapor variability associated with Blp
and Bla occurs over midlatitudes, especialy north of
jet streams. The two indices account for more than 50%
of the water vapor variance around the Aleutian Islands
and Greenland, respectively. Averaging over the Tropics
and subtropics (0°-30°N), SSTI explains 36% of the
precipitable water variance, while Blp and Bla explain
19% and 15% of the variance, respectively. Over the
extratropics (30°-90°N), 18% of variance is related to
SSTI, 25% to Blp, and 20% to Bla. Figure 6¢ shows
the percentages of the precipitable water variance ex-
plained by both SSTI and Blp over the Pacific, and that

VoLuME 13

explained by both SSTI and Bla over the Atlantic. The
combined tropical SST and extratropical circulation var-
iability accounts for a large fraction of the total upper-
troposphere water vapor variations over the Northern
Hemisphere.

b. How do changes in moisture transport and high
cloud contribute to the water vapor variability?

Both changes in vapor transport and exchanges be-
tween its vapor and liquid—ice can cause the above
changes in upper-troposphere water vapor. \We examine
how tropical SST anomalies and changes of storm tracks
affect water vapor transport and high clouds, and how
the latter may contribute to the observed changes of the
upper troposphere water vapor in this section.

Figure 7 shows the verticaly integrated (500-300
mb) anomalous horizontal moisture transport (6 Uq,
6v0q), obtained using the linear regression against one
standard deviation fluctuation in each index. The shad-
ing indicates areas of anomalous upward moisture flux
(éwg >0), and the contours in Figs. 7d—f indicate the
anomalies of convective precipitation. The regions of
upward moisture transport in Fig. 7a coincide with the
positive correlation of precipitable water with SSTI in
Fig. 5a. In the eastern tropical Pacific, the anomalous
updraft is largely due to the SST-induced deep convec-
tion. Figure 7a aso reveals a strong horizontal moisture
transport from the eastern tropical Pecific to the North
Atlantic. This suggests the existence of an upper-tropo-
sphere water vapor path over the subtropics during ENSO
years. In the North Pacific, anomalous upper-level anti-
cyclonic circulation occurs between 30° and 45°N in the
western and central part, and anomalous cyclonic cir-
culation occurs between 30° and 60°N in the eastern part
when warmer SSTI occurs. Over the Atlantic ocean, the
vectors of (6uq, 6vq) indicate that the changes of the
upper-level vapor transport are anticyclonic to the south
and cyclonic to the north of 30°N. However, the strength
of these circulation changes appears to be weaker than
that associated with Blp and Bla.

Associated with Blp (Fig. 7b), the anomalous mois-
turefluxesarevery similar to those associated with SSTI
over the Gulf of Mexico and Gulf of Alaska. The largest
difference between Figs. 7a and 7b is in the central
North Pacific. There is a strong meridional moisture
transport associated with the tropical SST variation,
while in the same region strong zonal fluxes are asso-
ciated with the storm track variability. The horizontal
moisture fluxes in Fig. 7 are consistent with the cor-
responding large-scale circulation patternsin Fig. 4. For
example, strong upper-anticyclonic anomalous flow is
located around the anomalous high at 300 mb south of
45°N, and cyclonic anomalous flow appears around the
anomalous low to the north of this latitude. The latter
tends to demote the occurrence of extratropical cyclonic
systems and may contribute to the observed dry anom-
alies associated with Blp north of the climatological jet
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(Fig. Bb). Associated with Bla (Fig. 7c), strong zonal
moisture transport with upward motion occurs over the
Atlantic climatological jet region. In general, all sig-
nificant negative correlationsin Fig. 5 are in the regions
with subsidence and southward moisture fluxes in Fig. 7.

The influences of the three indices on the vertical
moisture flux and the upper-troposphere water vapor
distribution are examined in Fig. 8. The anomal ous flux-
es in several longitude—pressure cross sections are re-
constructed from the linear regression of the zonal and
vertical moisture fluxes against each index, to represent
the changes correlated to each index. The latitudes at
which the cross sections are made are determined ac-
cording to either the strongest correlation of upper-tro-
posphere water vapor with the relevant index (Fig. 5)
or the locations of climatological jets. In addition, to
further illustrate that the moistening is associated with
anomalous upward flux and/or transport originating
from the Tropics, Fig. 8 also showsthe vertical structure
of the changes associated with the three indices.

Associated with SSTI (Fig. 8a), specific humidity
(dark shading) increases throughout the entire tropo-
sphere across the central and eastern Pacific at the equa-
tor. Clearly, the upward moisture fluxes associated with
tropical deep convection contribute to the increase in
water vapor. In the subtropics at 25°N (Fig. 8b), specific
humidity increases significantly only in the upper level,
although the water vapor path from the tropical Pacific
to North Atlantic is found in both upper and lower lev-
els. Both poleward (equatorward) and upward (down-
ward) motions appear to contribute to the moistening
(drying).

Stronger eastward moisture fluxes occur in the lower
atmosphere over the climatological jet regions at 35°N
when Blp (Fig. 8c) is greater and at 45°N when Bla
becomes higher (Fig. 8e). Together with strong merid-
ional fluxes as Blp increases, the westerly anomalies of
moisture transport reflect the anomal ous upper-level an-
ticyclonic flow at 35°N (Fig. 8c) associated with Blp
(Fig. 7b). Since this flow originates from the tropical
western Pacific, it is reasonable to expect that those
westerly anomalies of moisture transport moisten the
upper troposphere over the North Pacific. Similarly, the
westerly anomalies of moisture transport over North
America and the Atlantic Ocean at 45°N (Fig. 8e) in-
dicate an enhancement of moisture transport from the
tropical Atlantic (Fig. 7c) and hence moistening of the
upper troposphere at 45°N over the Atlantic Ocean when
Bla increases (Fig. 8c). At 50° and 65°N (Figs. 8d.,f),
respectively, specific humidity decreases throughout the
tropsphere and hence displays a barotropic (altitude in-
dependent) structure. The water vapor deficiency is pri-
marily accounted for by the downward and southward
moisture fluxes, rather than by the zonal transport.

Figure 9 presents two meridiona cross sections of
water vapor fluxes associated with Blp and Bla at 180°
and 30°W, respectively. The principal features are sim-
ilar to those in Figs. 8d and 8f, showing that the down-
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draft and northerly winds accompany the negative water
vapor anomalies induced by the midlatitude storm
tracks. The results suggest that the changes in moisture
transport contribute to, and possibly dominate, the ob-
served changes of the upper-troposphere water vapor.

To determine whether the phase changes between va-
por and liquid—ice also contribute to the observed upper-
troposphere water vapor anomalies, we examine the cor-
relation among the frequency of high clouds, the three
indices (Fig. 10), and upper-troposphere water vapor
anomalies (Fig. 11). Anomalies of high clouds are de-
duced from the ISCCP D2 dataset. The high clouds in
this dataset consist of three types: cirrus, cirrostratus,
and deep convective. The ISCCP data cover a spatial
domain up to about 55°N. The correlation map asso-
ciated with SSTI (Fig. 10a) resembles the water vapor
pattern in Fig. 5a. The negative correlation over the
western tropical Pacific and eastern North Pacificin Fig.
10a are largely contributed by cirrus cloud (not shown).
Positive correlations over the central and easterntropical
Pacific, as well as over Mexico and the Gulf, are more
related to cirrostratus and deep convective clouds. High
clouds increase with Blp on the south side of the Pacific
climatological jet entry (Fig. 10b) where anomal ous up-
drafts occur (Fig. 7b). High clouds decrease over the
Aleutian Islands, Alaska and surrounding areas, and the
north side of the Pacific jet exit, where the negative
water vapor anomalies occur (Fig. 5b).

The anomalous cloud pattern associated with Bla
(Fig. 10c) reveals that high clouds decrease over Green-
land and increase to the east where the winter storms
associated with the NAO appear frequently (Rogers
1997). These variations of the high cloud with Bla over
the Atlantic are consistent with that of the upper-tro-
posphere water vapor in Fig. 5¢. The high cloud patterns
in Fig. 10 resemble their counterparts from the ERA
data (not shown).

Figure 11a directly correlates the upper-troposphere
water vapor to high clouds. The high cloud cover is
positively correlated with the upper-troposphere water
vapor, although with different magnitudes, over almost
the entire hemisphere. Therefore, more upper-tropo-
sphere water vapor is associated with more extensive
high clouds and hence greater total water amounts. This
implies that the changes in large-scale circulation not
only affect the upper-troposphere water vapor through
direct vapor transport, but also change high clouds that
probably further contribute to the upper-tropospherewa-
ter vapor anomalies through water phase changes. To
examine whether the changes of high clouds amplify or
reduce the upper-troposphere water vapor anomalies, we
analyze the correlation of 300-mb temperature with the
specific humidity and relative humidity in Figs. 11b and
11c, respectively. Both specific humidity and relative
humidity are significantly positively correlated with the
temperature over the tropical Pacific and the midlati-
tudes across the Northern Hemisphere. Since warmer
temperature enhances cloud evaporation, we suggest
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FiG. 8. Vertical cross section of duq and dwq (vectors), and vq (contours), obtained by linear regression of corresponding 15-yr winter
monthly mean flux anomalies against one standard deviation fluctuations in SSTI, Blp, and Bla, respectively. The latitudinal location for
each cross section is given at the top of that panel. The unit for duq and vq and 8wq is 10° kg s7*. For illustration purposes, the vector
for dwq is amplified by a factor of 2. The contour interval is 2 X 105 (kg s*) for Svq and negative contours are dashed. Light and dark
shadings indicate regions of specific humidity significantly (=—0.3 and =0.3) correlated with each of the indexes, respectively.
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Fic. 9. Same as Fig. 8, but for meridional cross section of anomalous moisture fluxes vq and Wq (vectors), and TG (contours) associated
with (a) Blp at 180° and (b) Bla at 30°W. For illustration purpose, the vector for Wq is amplified by a factor of 2. Contours and shadings
are the same as Fig. 8.
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Fic. 10. Correlation of winter monthly mean (16 months) high cloud cover from
ISCCP data with SSTI, Blp, and Bla, respectively. Contours and shadings are the
same as Fig. 4. Only contours exceeding 0.3 are given.
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Fic. 11. Correlation between high cloud cover and (a) 500-300 mb precipitable
water, (b) 300-mb temperature and specific humidity, and (c) 300-mb temperature
and relative humidity. All the variables are derived from ERA over 1979-93 winter
months. Contour interval is0.1, and negative contours are dashed. Dark (light) shading

indicates significant positive (negative) correlation exceeding 0.3 in [(b), (c)].

that the latter also contributes to the observed increase
of upper-troposphere water vapor, in addition to the va-
por transport. Over the subtropical Pacific, both specific
and relative humidity negatively correlate to tempera-
ture (Figs. 11b,c). Thus water vapor deficiency over this
region results not from condensation, but from down-
ward dry advection and adiabatic drying associated with
subsidence, as shown in Figs. 8b and 9a.

5. Discussion and conclusions

This study addresses the effects of the ENSO-related
tropical SST anomalies and changes of storm track—
related extratropical circulation on the interannual var-
iability of the wintertime upper-troposphere water vapor.
The extratropical circulation changes associated withthe
well-defined PNA and NAO patterns are coupled with
the variability of the Pacific and Atlantic storm tracks
but are linearly independent of the tropical ENSO var-
iation. We have demonstrated that both the tropical SST
and the major winter storm tracks exert significant in-
fluences on the upper-troposphere water vapor variation.

Thetropical SST associated with El Nifio enhancestrop-
ical deep convection and extratropical baroclinicity
through teleconnection. Consequently, warmer SST in
the equatorial central and eastern Pacific increase the
upper-troposphere water vapor over the tropical Pacific,
the Gulf of Mexico, and some areas of the North At-
lantic. Stronger baroclinicity in the storm track regions
enhances upper-level anticyclonic flow and moistensthe
upper troposphere to the south of the climatological lo-
cation of the jet. But it causes anomalous upper-level
cyclonic flows to the north of the climatological jet and
hence dries the upper troposphere there. The influence
of the storm tracks over the midlatitudesis stronger than
that of the tropical SST. This is a reflection of the ex-
istence of strong internal atmospheric variability in the
midlatitudes (Kumar and Hoerling 1995; Ting et al.
1996).

Different atmospheric processes are involved in the
changes in the upper-troposphere water vapor between
the Tropics and the extratropics. In the Tropics, the var-
iability of the upper-troposphere water vapor is largely
due to the vertical moisture transport and deep convec-
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tion. In the extratropics, both the vertical and meridional
moisture transports associated with the storm track cir-
culation are important, as previously suggested by Del
Genio et al. (1994). The changes in evaporation/subli-
mation and condensation/deposition appear to be an-
other source of the upper-troposphere water vapor
anomalies over the tropical Pacific and midlatitudes
where high clouds occur frequently. This mechanism,
however, does not operate in the subtropics, where high
clouds are infrequent. In the subtropical upper tropo-
sphere, drying (moistening) associated with a sinking
(rising) motion appears to be the main cause of the
upper-troposphere water vapor anomalies. Both water
vapor and high clouds increase with enhanced poleward
and upward water vapor transport. However, we cannot
determine whether upper-troposphere water vapor
anomalies are dominated by the direct vapor transport
from a remote region or by the transport of liquid—ice
from aremote region, which are then evaporated locally.
Figure 8 also indicates that the influence of both tropical
SST and extratropical circulation on the lower-tropo-
sphere water vapor is different from that on the upper
troposphere.

Water vapor from ERA isstrongly influenced by mod-
el parameterizations and is thus less reliable. Figure 1
shows that the variability of upper-troposphere water
vapor in ERA is about half that in NVAR despite a
strong meridional gradient in the mean upper-tropo-
sphere humidity field. Hence, the interannual variability
as indicated by ERA may be weaker than in reality.
Incorporating high clouds from a different data source
(ISCCP) in the analysis provides a validation of the
results derived from the ERA data. The coherence be-
tween the satellite-observed response of high cloudsand
ERA upper-troposphere water vapor to the changes of
the tropical SST—extratropical circulation indicates that
the relationships between the upper-troposphere water
vapor and tropical SST—extratropical circulation derived
from ERA are not only statistically significantly but also
qualitatively reasonable.

Trenberth (1990) has presented evidence of the win-
tertime surface temperature changes with decadal time-
scales over the Northern Hemisphere and deepening of
the Aleutian low during 1977-88. He suggested that the
advection of warm and moist air into Alaska (cold and
dry air over the North Pacific) by the anomalous cir-
culation is responsible for the increase (decrease) in
temperature over that region. He further linked the deep-
ened Aleutian low to thetropical El Nifio eventsthrough
teleconnection. The influence of tropical SST on the
atmospheric PNA pattern with interdecadal variability
is supported by the atmospheric general circulation
model experiments (Kawamura et al. 1995). The cir-
culation anomalies over the Gulf of Alaskaand Aleutian
Islands, as described in Trenberth (1990), also emerge
in both Figs. 4a and 4b. We have noticed long-term
trends of increase in upper-troposphere water vapor,
SST, and circulation indexes in both tropics and extra-
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tropics (not shown), especially associated with the NAO
pattern. If these trends can be verified by more reliable
observations, we could argue that the internal variability
of extratropical circulation and itsinteraction with North
Pacific SST may also contribute to the decadal changes
in temperature. These decadal trends have not been re-
moved in our analysis. How they affect the variability
analyzed in this study and whether the SST and extra-
tropical circulation influence the upper-troposphere wa-
ter vapor on decadal or longer timescales have not been
examined in this study.

This study focused on the water vapor variability from
the general circulation perspective. Given the complex-
ity of the processes controlling moisture transport in the
atmosphere, it is also necessary to examine the water
vapor changes associated with individual stormson syn-
optic timescales. We are currently conducting a more
thorough diagnosis of the synoptic processes and their
contribution to the interannual variability of the upper-
troposphere water vapor in the extratropics.
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